Introduction
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served sequence features. Members of the family are known that contain up to six trefoil domains. The most highly conserved features of the domains are six cysteine residues with essentially conserved spacings and a conserved arginine residue located between the ®rst two cysteine residues. pNR-2/ pS2 is one of the members of the family that has a single domain and a seventh cysteine residue close to the C terminus, capable of forming intermolecular disulphide bonds (Jakowlew et al., 1984; Piggott et al., 1991) .
Three human trefoil peptides have been identi®ed so far. Two with single domains, pNR-2/pS2 and hITF (human intestinal trefoil factor; Podolsky et al., 1993; Hauser et al., 1993) , and one with a double domain, hSP (human spasmolytic polypeptide; Tomasetto et al., 1990) . pNR-2/pS2 and hSP are expressed throughout the gastric mucosa in foveolar epithelial cells and in mucous neck cells (Rio et al., 1988; Hanby et al., 1993) , whereas hITF is expressed predominantly in the goblet cells of the intestine (Podolsky et al., 1993; Hauster et al., 1993) . Trefoil peptides are expressed at lower levels in other sites and in tissue related to various pathological conditions. All three are expressed in the ulcer-associated cell lineage (UACL), which is involved in the repair of mucosal damage in the gastrointestinal tract (Wright et al., 1990 . pNR-2/pS2 is expressed at low levels in normal breast epithelium (Piggot et al., 1991; Hahnel et al., 1992) and is found at high levels in breast carcinoma, where it is a marker of hormonal responsiveness (Henry et al., 1989 (Henry et al., , 1991a Schwartz et al., 1991) . It is associated with a variety of other tumours, including those of the pancreas, large intestine, stomach, endometrium and ovary (Henry et al., 1991b; Lefebvre et al., 1996) .
The functions of the trefoil peptides are not yet known. Early studies suggested that they were involved in controlling intestinal smooth muscle contraction and gastric acid secretion (Jùrgensen et al., 1982b) . Possible roles as growth factors have been suggested, based on their apparent growth-stimulating effects in certain cell lines (Hoosein et al., 1989) . The observation that they are expressed at high levels in the UACL appeared to implicate them as possible agents used in the repair of damaged endodermal tissue (Wright et al., 1990 . More recent studies have shown that trefoil peptides can modulate the effect of epidermal growth factor on epithelial ion transport (Chinery & Cox, 1995) , may be involved in the control of cell migration (Dignass et al., 1994; Playford et al., 1995; Williams et al., 1996) and can protect against certain types of damage to the mucosal surface of the gastrointestinal tract Playford et al., 1996; Mashimo et al., 1996) . The observation that they are copackaged with mucous-secreting cells (Podolsky et al., 1993) has prompted the suggestion that they are involved in the processing of mucin glycoproteins or mucous structures.
There is considerable interest in determining the three-dimensional structures of the trefoil peptides, since this information could help in elucidating their function by identifying conserved structural elements that may be involved in mediating their biological effects. The structure of porcine pancreatic spasmolytic polypeptide (PSP), which contains two trefoil domains in a single peptide, has been determined using X-ray crystallography (Gajhede et al., 1993; De et al., 1994) and NMR . These studies showed that the two domains have a similar tertiary structure, each containing a two-stranded antiparallel b-sheet and a short ahelix. Several conserved residues were found to be located on a single face of each domain. The N and C termini of PSP are linked by an interdomain disulphide bond, which helps to ®x the relative orientation of the two domains.
In contrast, the structures of single-domain trefoil peptides are not known. In an earlier study we produced a recombinant pNR-2/pS2 and used NMR measurements to characterise some of its structural features (Polshakov et al., 1995b ). An almost complete set of sequence-speci®c 1 H assignments was obtained and the protein was reported to contain secondary structure elements that are similar to those found for the trefoil domain of PSP, containing two short antiparallel b-strands (32 to 35 and 43 to 46), and an a-helix (25 to 30). The measurements were made on a variant of pNR-2/ pS2 that had Cys58 replaced by serine (Chadwick et al., 1995) . This residue is located outside the trefoil domain and the mutation was made to avoid complications arising from the presence of an unpaired cysteine residue. Here, we have analysed data from 1 H and 15 N-NMR measurements on this pNR-2/pS2 protein and determined its high-resolution three-dimensional structure in solution, including the pattern of the disulphide bonding. This is the ®rst structure determination of a human trefoil peptide.
Results and Discussion

Resonance assignments
Previously, about 98% of the 1 H resonances of the pNR-2/pS2 protein had been assigned using homonuclear and 13 C-heteronuclear experiments carried out on samples with 13 C at natural abundance (Polshakov et al., 1995b ). Here, the 1 H assignments have been extended to include many stereospeci®c assignments, and a complete set of 15 N amide resonance assignments has been obtained from analysis of 3D NOESY-HSQC and HNHB spectra.
Distance constraints
Three types of distance constraints were used in the ®nal structure calculations; namely, NOE-based interproton distance constraints, hydrogen bonds and disulphide linkages. However, hydrogen bonds and disulphide linkages were introduced into the calculations only after their presence had been established in the structures generated using sets of constraints that did not include them.
Interproton distance constraints were obtained from NOEs measured from 2D NOESY and ROESY and 3D 15 N-1 H-NOESY-HSQC spectra. Initially, unambiguous assignments were made using chemical shift data alone. A set of about 500 distance constraints derived from these assignments was then used in the generation of a set of initial structures. The initial structures were used to assist in assigning more NOEs by identifying nuclei separated by less than 6.0 A Ê . Further assignments were made in an iterative manner, calculating structures, checking for violations of constraints, and adding new constraints when the structures suggested new possible assignments. Ambiguous NOE distance constraints were often used in this iterative process and were especially important for the re®nement of two regions of the protein structure around residues 3 to 6 and 49 to 52, and 15 to 18 and 44 to 45, where many of the H a and H b signals have degenerate chemical shifts and where the residues are close to each other.
Torsion angle constraints and stereospecific assignments
The f, c and w torsion constraints and the stereospeci®c assignments for most of the prochiral atoms and groups of the pNR-2/pS2 protein were obtained from the analysis of 3 J and NOE-based distance data using the program AngleSearch (Polshakov et al., 1995a) ) and 3 J(N Z , H e ) coupling constants. The w 2 , w 3 and w 4 torsion angles obtained for Arg14 using all the available data indicated that its side-chain is in an extended trans conformation.
Hydrogen bonds and disulphide linkage constraints
Hydrogen bonds were used as constraints only after the acceptor partners for the slowly exchanging NH protons (Cys17, Cys27, Ala28, Asn29, Cys33, Asp35, Phe45 and Asn48; Polshakov et al., 1995b) had been identi®ed from preliminary families of structures calculated without these hydrogen bond constraints. Eight hydrogen bonds were included in the ®nal structure calculations as 16 distance constraints.
The cysteine partners in the disulphide bonds were determined to be Cys7-Cys33, Cys17-Cys32 and Cys27-Cys44 by examining the intersulphur distances for all six Cys residues in 20 structures obtained using the 714 constraints determined at that time, but without using disulphide linkage constraints. The Cys7-Cys33 and Cys27-Cys44 S-S distances are <3.5 A Ê in, respectively, 19 and 15 of the structures in this set with no other close partner for either residue 7 or 27. Consequently, although Cys17 is close to both Cys32 and Cys33 in several structures, the Cys17-Cys32 linkage is the only remaining possibility. The disulphide bonds determined in this way were then introduced into the ®nal stages of the structure re®ne-ment. The pattern of disulphide linkages determined in these NMR experiments is the same as that previously determined for PSP using chemical methods (Thim, 1989) and X-ray crystallography (Gajhede et al., 1993; De et al., 1994) . However, this pattern of disulphide bonds differs from that found for a sample of pNR-2/pS2 prepared by peptide synthesis and folded in vitro in the presence of glutathione (Rye et al., 1994) . This indicates that the synthetic peptide has not folded in the same way as the recombinant Ser58 or the native pNR-2/pS2 peptide.
Family of calculated structures
A total of 776 constraints was used in the ®nal structure calculations, consisting of 582 unambiguous and 41 ambiguous NOE interproton distance constraints, together with 137 torsion angle constraints and 16 distance constraints associated with the eight hydrogen bonds. This corresponds to an average of 17.3 NOE-derived distance constraints per residue. However, as can be seen in Figure 1a , the NOE-derived distance constraints are concentrated in the region of the trefoil motif, resulting in an average of 21.6 constraints per residue in the 7 to 47 range.
Nineteen of the 20 structures generated using our simulated annealing protocol and these constraints, satis®ed our acceptance criteria (see Materials and Methods for details). A stereoview of the backbones of these 19 structures of pNR-2/pS2 is given in Figure 2 . The structural statistics and atomic rms differences for the ensemble of the ®nal family of simulated annealing structures are given in Table 1 . The backbone rms differences were cal-culated for the trefoil region (residues 7 to 47) of all pairs of structures in the family and a representative structure, S rep , was chosen that had the minimum mean rms difference from all other members of the family. When the backbone atoms in the peptide sequence 7 to 47 for each of the members of the family are superimposed on this representative structure, the mean atomic rms difference is small (0.48 A Ê ), indicating that the structure is well de®ned in the region of the trefoil motif. The rms difference between structures is increased substantially with the inclusion of residues 3 to 6 and 48 to 52 (1.12 A Ê ) and no sensible superposition can be made of the full sequence because of the highly disordered termini. The close correspondence between the degree of positional disorder of each residue of the terminal strands across the family of structures ( Figure 1b ) and their actual highly mobile behaviour observed via the 15 N{ 1 H} NOE data ( Figure 1c ) suggests that the structural disorder observed in the tail is not merely an artifact due to lack of assigned NOEs for these residues, but reects real diversity in the solution structure of the protein.
The Ramachandran plot of the f and c dihedral angles for the residues in the representative structure S rep shows that 87% of its residues have angles in the most favourable regions of the plot ( Figure 3 ). Analysis of the family of 19 structures identi®ed no residue in the structured region of the protein with dihedral angles (f, c, w 1 and w 2 ) in disallowed regions for any member of the family. PROCHECK (Laskowski et al., 1993) analysis of S rep indicates that all its overall structural characteristics, except the pooled standard deviation of the w 2 angles, are as good or better than a typical 2.0 A Ê resolution crystal structure.
Structure of pNR-2/pS2
Of the 60 residues of pNR-2/pS2, only the 50 between positions 3 and 52 have any ordered structure in solution ( Figure 4 ). The three disulphide bonds in the trefoil domain (7 to 47) form it into three sequential loops, which are packed together with the third loop sandwiched between the ®rst and second. The protein has only a small amount of secondary structure, which consists of an a-helix (23 to 31) packed against a two-stranded antiparallel b-sheet (33 to 35, 43 to 45). To this extent the secondary structure of this trefoil domain con®rms that determined earlier from limited data (Polshakov et al., 1955b) . The present data have additionally revealed the detailed structure of the turns and terminal regions. Residues 10 to 14 are found to form either a composite turn or a 3 10 -helix in roughly equal proportion among members of the family, a type-I b-turn is formed by residues 19 to 22, and the turn between the two b-strands is predominantly a type-VI b-turn (residues 38 to 42). Outside the trefoil domain, which forms the compact``head'' of the molecule, the N and C-terminal strands are closely associated, forming an extended``tail'', which has some bsheet type interactions between residues in strands 3 to 7 and 47 to 51, and which becomes more disordered towards the termini.
Interstrand NOEs between the a-protons of residues 7 and 47, 5 and 49, and 3 and 51 have been identi®ed in both NOESY and ROESY spectra, indicating the presence of some b-sheet type interactions between these two strands. The H a -H a NOE intensity for the 7-47 interactions is large and furthermore the amide NH group of Asn48 has Figure 1 . Summary of structural data versus residue number (ticks on the horizontal axes mark every 10th residue). a, The distribution of unambiguous NOE constraints for the residues of pNR-2/pS2. Intraresidue, sequential, medium-(1 < ji À jj < 5) and long-range (ji À jj > 4) constraints are represented by black, light grey, dark grey and white blocks, respectively. b, the local 3 residue average rms difference for the heavy backbone atoms (N, C a and C) across the ®nal family of structures (A Ê 
been shown to be protected against exchange with water protons (Polshakov et al., 1995b) , consistent with it forming a hydrogen bond with the carbonyl oxygen atom of Thr6. The intensities of the interstrand H a -H a NOEs for the pairs 5-49 and 3-51 are about 50% and 25%, respectively, of the values expected if the structure adopted b-sheet interactions of the usual kind and it seems likely that there is an equlibrium involving exchange between a population of b-sheet structures and other conformations. None of the amide NH protons of the residues 3, 4, 5, 49, 50 or 51 are protected against exchange and this would be consistent with the equilibrium mixture proposed, since exchange would occur in the non-b-sheet population. Additionally the 3 J HNa coupling constants of these residues lie in the range 6.3 to 8.3, consistent with an extended, but not perfect, b conformation. These bsheet interactions were not noted in the earlier Figure 2 . Stereoview of the superimposed backbone atoms (N, C a and C) for the ®nal family of 19 structures. The superimpositions were made onto the backbone atoms of the core residues (7 to 47) of a representative structure (S rep ) chosen to have the minimum mean atomic rms difference from all other members of the family. The conformation of the C terminus is not well de®ned with respect to the rest of the structure. Figure 4 . A representation of the structure of pNR-2/ pS2 (residues 1 to 52) produced using MOLSCRIPT (Kraulis, 1991) . The short anti-parallel b-sheet shown here between residues 4 to 6 and 48 to 50 is probably present in only a fraction of the solution structures at any one time (see the text for discussion). The cysteine side-chains involved in the three disulphide bonds are shown in black. A Ramachandran plot of the f and c torsion angles in the S rep structure of pNR-2/pS2 generated using PROCHECK (Laskowski et al., 1993) . The background of the plot is shaded according to the probability of observing a non-Gly and non-Pro residue in that locality in a high-resolution crystal structure, regions with the most heavily shaded background are most favoured, and the lightest regions are regarded as disallowed. Small triangles represent glycine residues. work because the NOEs de®ning these regions of the sequence became unambiguous only during the iterative structure-re®nement procedure mentioned earlier.
The presence of the b-sheet interactions is consistent with the results of the 15 N{ 1 H} NOE measurements made for the backbone amide NH groups of each residue (Figure 1c ). The residues of the protein within the structurally well de®ned core (residues 7 to 47) have steady-state NOEs in the range of 0.6 to 0.7, which is in good agreement with the values expected for the rigid part of a protein having a rotational correlation time t c 4.5 (AE0.5) ns (at 298 K; Polshakov et al., 1995b) . In the terminal regions of pNR-2/pS2, the steady-state NOEs are smaller, indicating greater mobility of the backbone. The 15 N{ 1 H} NOEs progressively decrease along the sequences 7 to 3 and 47 to 52, indicating that the mobility increases as one moves away from the core. The pairs of residues involved in interstrand NOEs appear to have similar 15 N{ 1 H} NOEs, indicating similar mobilities, as expected for residues in an extended structure separated from the core by the same distance. The NOEs continue to decrease beyond the b-sheet-like region, and are indeed negative for residues 56 to 60, indicating that the C terminus of the protein is highly mobile.
The NOE data indicated that all the proline peptide bonds have trans con®gurations. In earlier work (Polshakov et al., 1955b) , Pro47 was erroneously reported to have a cis con®guration based on misassignments of some Cys17 and Tyr46 proton signals. The AMX spin-systems of these residues were incorrectly assigned and the assignments given earlier have been interchanged. . E TOTAL was calculated with the parameters given in Materials and Methods.
Comparison with the PSP structure
It is useful to compare the pNR-2/pS2 structure with that of the two trefoil domains of PSP, which is the only other trefoil protein for which detailed structural information is available. There is a high degree of sequence conservation across the mammalian trefoil peptides generally, and in particular there are 17 residues conserved in all three of these domains, with 25 conserved between pNR-2/pS2 and domain 1 of PSP, 21 conserved between pNR-2/pS2 and domain 2 of PSP, and several other residues that are conservatively mutated ( Figure 5 ). The superposition of the trefoil domain of the pNR-2/pS2 solution structure onto both domains of the crystal structure of PSP (Gajhede et al., 1993) reveals that this high degree of sequence conservation is re¯ected in the very similar folds of the three domains. The antiparallel b-sheet and the a and 3 10 -helices observed in pNR-2/pS2 are found in both domains of PSP. However, no turns have identical sequences to those of pNR-2/pS2 and only the turn in domain 1 of PSP corresponding to residues 38 to 42 of pNR-2/pS2 is of the same type. The backbone rms differences for residues 9 to 47 of the trefoil domain in pNR-2/pS2 superimposed on domain 1 (1.5 A Ê ) and on domain 2 (0.9 A Ê ) of PSP shows the overall conformation to be more similar to that of domain 2. The principal reason for this difference is that the a-helix and its preceding turn are shifted by approximately 4 A Ê in domain 1 of PSP with respect to the position of the corresponding residues (17 to 31) of pNR-2/pS2 ( Figure 6 ). The separation of the second and third loops is consequently greater in domain 1 of PSP than in pNR-2/pS2, producing a more``open'' structure with greater solvent exposure of the conserved side-chains at the centre of the putative binding site (see later). The probable cause of the open conformation of domain 1 of PSP is the mutation in this domain of the residue equivalent to Ala28 in pNR-2/pS2 to phenylalanine. If domain 1 of PSP were to adopt the less open conformation of pNR-2/pS2, then this phenylalanine residue would be exposed to solvent, whereas in the open conformation the aromatic ring is able to interact with the residues of the C and N termini (Figure 6 ) to bury a substantial amount of hydrophobic surface. The energetic bene®t of burying the ring locks domain 1 in the open conformation. In contrast, the second domain of PSP, in which the residue is alanine as in pNR-2/pS2, adopts a conformation closer to that of pNR-2/pS2.
Conserved features of the trefoil peptides
The amino acid sequence alignment of pNR-2/ pS2, hITF (the other human single-domain trefoil peptide), PSP and its human analogue hSP shows that there is a great deal of sequence similarity between the proteins in the region of the trefoil motif ( Figure 5 ). If we consider the characteristic physical properties (hydrophobic, hydrogen bond donor and/or acceptor, positively or negatively charged) of each of the residues of the trefoil motif in all Figure 5 . The amino acid sequence of pNR-2/pS2 aligned with corresponding residues in the trefoil motifs of the mammalian trefoil peptides PSP, hSP and hITF. The disulphide bonds and secondary structure elements determined in this present work are shown at the top of the diagram. Residues identical with those in pNR-2/pS2 have been shaded in the diagram. A consensus sequence motif derived from the mammalian trefoil peptides is given at the bottom of the diagram. The sequences of porcine, human, rat and mouse spasmolytic polypeptide, human and rat intestinal trefoil factor, and human and mouse pS2 were used to produce the consensus. mammalian trefoil peptide sequences, then at 24 positions at least one of the characteristic physical properties is absolutely conserved. Of these positions, 15 are residues with an absolutely conserved identity, seven have one of two alternative identities (these conserved and semiconserved residues are given as a consensus sequence at the foot of Figure 5 ), one residue is always a hydrogen bond donor (R12 in pNR-2/ pS2), and one is always able to act as an acceptor (Q26 in pNR-2/pS2). The conservation of a residue or a physical feature at a particular position suggests an essential structural and/or functional role for that residue or property.
Conserved structural features of pNR-2/pS2
As previously discussed, the conserved cysteine residues form the peptide chain into three loops, which we can consider as running from 7 to 17, 18 to 32 and 33 to 44, and which stack together with the third loop sandwiched between the ®rst and second (Figure 4) . Several of the conserved and semi-conserved residues are buried in the interfaces of these loops and are responsible for holding them in the observed compact three-dimensional arrangement. The three residues equivalent to Arg14, Phe45 and Val22 can be regarded as buried, each having less than 10% side-chain solvent accessibility in all three of the known trefoil domain structures. The low accessibility and high degree of conservation of these residues indicates that they are particularly important to the integrity of the trefoil fold.
The Arg14 NH Z protons are observed to be nonequivalent in the spectra, indicating the presence of hindered rotation in the guanidino group and suggesting strong interactions of some of the NH Z protons with neighbouring groups. The down®eld shift of the protons of one of the Arg14 NH 2 groups and the up®eld shift of the Arg14 NH e proton indicates strong polarisation of the guanidino group, most likely arising from an interaction of the NH 2 group with a negatively charged sidechain (Gargaro et al., 1996) . In a few of the ®nal family of structures the NH Z2 protons are within hydrogen bonding distance of the Asp35 g-carboxylate oxygen atoms, an interaction seen in both domains of the crystal structure of PSP (Gajhede et al., 1993) . If present in pS2/pNR-2, this chargecharge interaction would largely explain the observed chemical shifts. Additionally, the NH e proton of Arg14 is close to the carbonyl oxygen atom of Val9 in the majority of structures, suggesting a hydrogen bond not seen in the PSP structure. None of these side-chain hydrogen bonds was used as a constraint in the structure calculations.
The aliphatic part of the side-chain of Arg14 is packed against the aromatic ring of Phe45. It was noted earlier (Polshakov et al., 1995b ) that the aromatic ring of Phe45 is not undergoing the rapid ring-¯ipping at 298 K that is often observed for buried aromatic rings in proteins. The corresponding phenylalanine residues in PSP were also found not to be undergoing rapid ring-¯ipping at this temperature . A possible explanation for this is that hydrogen bonding interactions between Arg14 and its neighbours contribute to creating part of a very rigid pocket for the binding of the aromatic ring of Phe45, which prevents the easy transient¯uctuations in the protein structure required for aromatic ringipping. The buried Phe45 residue with its aromatic ring in a well-packed environment together with the interacting Arg14/Asp35 residues are obviously important contributors to the stabilisation of the common core structure found for the trefoil proteins between the ®rst and third loops. In the interface between the second and third loops there are also many conserved residues; however, only Val22 and its corresponding residues in PSP are buried in this region, and can be con®dently regarded as having a structural role. Additionally, it seems reasonable to suppose that Phe34, also in the interface between the second and third loops, is structurally important as it is the only other residue to have a side-chain solvent accessibility consistently less than 25%.
Conserved surface features of pNR-2/pS2
It is likely that the degree of conservation of the surface features of the proteins re¯ects the import- Figure 6 . A superimposition of the structure for pNR-2/ pS2 (light ribbon) on the corresponding part of the crystal structure of domain-1 of PSP (dark ribbon) reported by Gajhede et al. (1993) . The superimposition was carried out using the residues of the ®rst and third loops of the structures, and consequently clearly shows the different positions of the second loop.
Structure of pNR-2/pS2
ance of these features in ligand/receptor recognition events. There are three residues (Pro20, Pro42 and Trp43) that are fully conserved in the known mammalian trefoil peptides, and one residue (Phe19), which is conservatively replaced by Tyr in some domains, that form a contiguous hydrophobic patch on the surface of the protein (Figure 7) . Several of the surface positions surrounding this patch, while not conserving residue identity, have features that are fully conserved (i.e. hydrophobic residues are always present at the positions corresponding to Pro11, Val38 and Val41 of pNR-2/pS2; a hydrogen bond donor is present at the position of Arg12; hydrogen bond acceptors always replace Asn16, Thr23, Gln26 and Asp36). These residues are indicated in Figure 7 . The high degree of conservation of the physical properties of this region of the protein surface strongly suggests that the different mammalian trefoil domains bind similar target molecules in this region.
It has been suggested that the cleft between loops 2 and 3 of PSP, which contains the conserved hydrophobic patch, could provide a binding site for an oligosaccharide chain of the type found in mucin proteins (Gajhede et al., 1993) . However, the actual targets of the trefoil domains are not known, and the cleft could just as easily accommodate a hydrophobic interaction with protein side-chains such as Phe or Trp and thus form part of a protein binding site. The different position of the second loop in pNR-2/pS2 results in the cleft being narrower in pNR-2/pS2 than in PSP (the distance between the C a atoms of Trp43 and Pro20 is typically 6 A Ê for pNR-2/pS2 versus 10 A Ê for domain 1 and 8 A Ê for domain 2 of PSP). A contribution to the speci®city of binding could come from the differences in conformation of these binding sites.
Two other well-conserved residues, Gly21 and Lys30, are on the edge of this conserved region and could have a role in determining the speci®city of binding. In pNR-2/pS2, hSP and PSP there is a glycine residue at the position corresponding to Gly21 and this would allow easy access to the hydrophobic cleft. The side-chain of any other residue, such as the histidine residue found at that position in hITF, would impede such access. The residues equivalent to Lys30 are positively charged in all mammalian trefoil domains, except for the second domain of the spasmolytic polypeptides (PSP, hSP, etc.) . The mutation of a charged residue to a neutral residue at this position could be important for producing differences in binding speci®city of the two domains of the spasmolytic polypeptides. Overall, the surface of pNR-2/pS2 around the region containing the conserved residues is more similar to the corresponding regions in hSP and PSP than to that of hITF, and if we assume that the second loop in all domains, apart from domain 1 of the spasmolytic polypeptides, is able to change its position, then the binding sites of domain 1 of the spasmolytic polypeptides (PSP/ hSP) are most similar to that of pNR-2/pS2.
It would appear that the residues Phe19, Pro20, Pro42 and Trp43 form a constant part of a largely hydrophobic ligand/receptor-binding site in each of the human trefoil proteins. Several residues anking these four, and usually having conserved physical features, provide additional interactions conferring speci®city to the binding of the different ligands/receptors. However, the detailed nature of the binding process will remain an open question until speci®c binding ligands or receptors are identi®ed.
Implications of the pNR-2/pS2 structure for dimer formation Several workers have pointed out that the presence of the seventh Cys residue at position 58 provides an opportunity for dimerisation of the native pNR-2/pS2 through formation of a disulphide bond. In our earlier studies we showed that the variant of pNR-2/pS2 with Cys58 replaced by serine exists as a monomer in solution, which suggests that there is no strongly interacting interface that would aid the dimerisation. The fact that PSP exists as a pair of covalently linked trefoil domains that have very similar structures to the trefoil domains of pNR-2/pS2 has encouraged speculation that, in vivo, a pNR-2/pS2 homodimer could adopt an overall structure similar to that of PSP. Chinery and co-workers have used structural information from the trefoil domain structures in PSP to construct a model of such a dimer . The pNR-2/pS2 structures reported here now allow us to make a more detailed evaluation of this possibility. When two copies of the pNR-2/pS2 structure, S rep , are superimposed on the domains of PSP in its crystal structure, a sensible structure can be achieved only by allowing a structural rearrangement of the pNR-2/pS2 structure to take place in the region of residues 3 to 5 and 51 to 49, where the b-sheet type interactions were detected in the structural studies. This observation does not rule out the possibility that the active form of pNR-2/pS2 is a dimer resembling PSP, as such a rearrangement is possible (e.g. with the residues in the disrupted b-sheet making additional interactions between the peptides). However, there is a distinct possibility that the pNR-2/ pS2 dimer has a spatial arrangement of its domains that is different from PSP. A detailed model for the dimerised form of pNR-2/pS2 can be obtained only from direct structural studies on the covalently linked domains.
Conclusions
The availability of a high-quality three-dimensional structure for pNR-2/pS2 con®rms the consistency of the trefoil fold suggested by the sequence conservation amongst members of the family, and gives con®dence in homology modelling of other trefoil domains. The structure allows consideration of the role of surface residues as potential binding sites for receptors or ligands. The structure also provides a ®rm basis for the design of site-directed mutants with altered properties, which will be fully realised only when the molecular targets of pNR-2/pS2 have been de®ned. The structural features de®ned outside the trefoil motif indicate the problems of using the structure of the spasmolytic polypeptides as a basis for modelling the biologically active dimer of a protein containing a single trefoil motif. The structure of the monomer will provide a basis for interpretation of the structural and dynamic properties of the dimer when they are determined.
Materials and Methods
Expression of 15 N-pNR-2/pS2
The pNR-2/pS2 expression vector was electroporated into the Escherichia coli strain JM109, which grows well in minimal media. A yield of 3.5 mg/l was obtained, which is $6-fold lower than the yield obtained from HB101 cells grown in rich medium. The bacteria were grown in 10 l of modi®ed M9 medium (42.3 mM Na 2 HPO 4 , 22.1 mM KH 2 PO 4 , 8.6 mM NaCl, 1 mM MgCl 2 , 100 mM CaCl 2 , 2 Â 10 À4 % (w/v) thiamine, 0.2% (w/v) glucose, 50 mg/ml ampicillin) containing 18.7 mM ( 15 NH 4 ) 2 SO 4 as the sole nitrogen source. The bacterial cultures were never diluted more than 50-fold in going from inoculation to large-scale culture. The puri®cation procedure used was identical with that described previously for unlabelled pNR-2/pS2 (Polshakov et al., 1995b; Chadwick et al., 1995) except that a resource Q (Pharmacia) column was used for the ion-exchange chromatography. The ®nal freeze-dried sample was dissolved in water (90% H 2 O/10% 2 H 2 O) at a concentration of approximately 1.3 mM.
NMR experiments
The 15 N-labelled sample used for the NMR experiments contained 1.3 mM protein in 90% H 2 O/10% 2 H 2 O, pH* 6 (pH* refers to pH meter readings uncorrected for deuterium isotope effects). The NMR experiments were performed at 283 K and 298 K using Varian Unity spectrometers operating at 500 and 600 MHz. A series of NMR experiments (DQF-COSY, TOCSY, NOESY, ROESY, 13 C-1 H HSQC and HSQC-TOCSY) had previously been carried out on a non-labelled sample of pNR-2/pS2 (Polshakov et al., 1995b) (Kuboniwa et al., 1994; Archer et al., 1991; Marion et al., 1989; Bodenhausen & Ruben, 1980) H polarisation transfer step to include a WATERGATE sequence (Sklenar et al., 1993) for water-suppression and no presaturation used. In the case of the HNHA experiment, a WATERGATE element was appended to the standard sequence (Vuister & Bax, 1993) , and no presaturation was used. The NOESY-HSQC experiment was recorded with a mixing time of 150 ms and additional pulsed-®eld gradient pulses were used for coherence pathway rejection (Wider & Wu È thrich, 1993; Bax & Pochapsky, 1992) .
The heteronuclear 15 N{ 1 H} NOE measurements were made with the new pulse sequence shown in Figure 8 . This is based on the method proposed by Kay et al. (1989) in which magnetisation is transferred from 15 N to 1 H, and the NOE is determined by comparing the intensity of signals in the absence and presence of saturation of the 1 H nuclei. The accuracy of this approach depends critically upon there being no unwanted perturbation of the 1 H magnetisation in the non-saturated spectrum. Several groups have identi®ed chemical exchange between water protons and amide protons as a cause of such unwanted saturation effects (for example, see Kay et al., 1989; Clore et al., 1990; Stone et al., 1992) , either because the water signal has been deliberately presaturated or, in sequences that use pulsed-®eld gradients (PFGs), because the water is transiently saturated by a combination of the PFGs and the radiofrequency pulses. Sev- 
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eral different solutions to this problem have been proposed. These solutions are based either on the use of PFGs for water suppression together with long recovery delays (Li & Montelione, 1994) or, more ef®ciently, on the use of selective pulses to actively restore the water magnetisation to its equilibrium value (Grzesiek & Bax, 1993; Dayie & Wagner, 1994) . The new sequence achieves active restoration of the water magnetisation without the use of selective pulses, making it extremely convenient to implement. The sequence is conventional apart from the ®rst 1 H 90 pulse and the WATERGATE sequence, which has been incorporated into the 15 N to 1 H polarisation transfer step. The heteronuclear NOEs are calculated from the intensity of signals that start as 15 N Z magnetisation at time a. The evolution of this magnetisation is exactly as in the previously reported sequences and will not be discussed further. However, this sequence differs from earlier ones in the evolution of the proton magnetisation. In scans acquired without proton saturation the system starts with proton Z magnetisation at time a. The ®rst 1 H pulse transfers this magnetisation into the transverse plane, after which it is dephased by gradient pulse G 1 , thus preventing radiation damping. The subsequent 1 H 180 pulse and a gradient pulse G 2 (equal to G 1 ) refocus the proton magnetization at time b. The phase of the second 1 H 90 pulse is chosen to return the proton magnetisation to the Z axis at time c. Since the 3-9-19-19-9-3 refocussing pulse used in the WATER-GATE sequence has no net effect on the water magnetisation, any water magnetisation that was present along the Z axis at time a will be returned to Z at time d. This method of restoring the water magnetisation without using shaped pulses has been used in heteronuclear correlation sequences (Stonehouse et al., 1994; Mori et al., 1995) . The restoration is not perfect, since a small fraction of the water magnetisation fails to refocus properly due to imperfections in the proton 180 pulse and due to diffusion between the ®rst and second gradient pulses. However, these gradient pulses need not be particularly intense and for the values used in this work the loss due to diffusion is calculated to be 8% (Van Zijl & Moonen, 1990) at the maximum value of t 1 .
The NMR spectra were processed and analysed on Silicon Graphics or Sun workstations using the programs VNMR 5.1 (Varian), FELIX (Molecular Simulations), XEASY (Bartels et al., 1995) and software written inhouse. The ®nal size of all 3D data matrices was 1024 Â 512 Â 128 real points. Mild resolution enhancement was obtained by applying a p/2.5 shifted sinesquared apodisation function in all dimensions. Zero-®ll-ing was employed in all indirectly detected dimensions. Linear prediction was used in some cases to extend the data by a quarter in the heteronuclear dimensions. The 1 H spectra were referenced to sodium 2,2-dimethyl-2-silapentane-5-sulphonate (DSS) and the 15 N specta to liquid NH 3 using the method described by Live et al. (1984) with the gyromagnetic ratios given by Wishart et al. (1995) .
Distance constraints
Interproton distance constraints were obtained from NOEs measured from 2D NOESY and ROESY and 3D 15 N-1 H-NOESY-HSQC spectra. The assigned NOEs were placed in one of ®ve classes, corresponding to the upper limit distance constraints of 2.8, 3.2, 4.0, 5.0 and 5.5 A Ê , on the basis of their intensity (number of contour levels). The successive classes correspond to intensity changes of a factor of 2 or more and are easily distinguished in the spectra. In view of the possibility of spin-diffusion signi®cantly affecting the intensities of some signals in the NOESY spectra, where possible the relative intensities of signals were checked for consistency with those in the ROESY spectrum. Otherwise such signals were treated with caution and were intially given a larger upper limit distance constraint than strictly warranted by their contour level in the NOESY spectra. The upper limit was then reduced if consistent with the intermediate structures. The conversion of contour levels to upper limit constraints was calibrated by reference to non-overlapping cross-peaks in regions of secondary structure, which corresponded to well-known interproton distances. In all cases, the lower limits were set at 0 A Ê to achieve good sampling during the high-temperature stage of the calculations (Hommel et al., 1992) . All nonstereospeci®cally assigned protons were treated with a 1/R 6 sum averaging procedure (Nilges, 1995) . Two distance constraints were used for each NH . . . O hydrogen bond; one between the hydrogen and the oxygen atoms of 1.7 to 2.3 A Ê , and the other between the donor nitrogen atom and the acceptor oxygen atom of 2.7 to 3.3 A Ê .
Torsion angle constraints
The program AngleSearch (Polshakov et al., 1995a) was used in conjunction with preliminary structures to determine the ranges of torsion angles that are consistent with the input 3 J coupling constant and NOE distance data. Coupling constant related data were extracted from spectra obtained from the following experiments: HNHA ( The data for each residue were analysed using two models available in the AngleSearch program, one based on a ®xed w 1 rotamer and the other on a mixture of w 1 rotamers. Experimental data for most of the residues in the core of the protein were found to be consistent with the ®xed rotamer model with some existing as non-staggered rotamers.
In the cases where very narrow ranges of f, c and w torsion angles were determined by the AngleSearch analysis, the values were increased to give a broader range (AE30 ) for the values used as corresponding constraints in the simulated annealing calculations. The results of the AngleSearch calculations were compared to the torsion angles found in the families of structures obtained from the simulated annealing calculations and in some cases this allowed some of the alternative AngleSearch solutions to be eliminated. In this way torsion angles that were under-determined in the initial AngleSearch calculation could be better de®ned. A similar approach was used previously for making stereospeci®c assignments of glycine H a protons (Polshakov et al., 1995a) . Here, this has been extended to the determination of stereospeci®c assignments of methylene protons in other residues and to calculations of improved torsion angle ranges.
Structure calculations
Three-dimensional structures were calculated with the program X-PLOR 3.1 (Bru È nger, 1992) , using the dynamical simulated annealing protocol of Nilges et al. (1988) with minor modi®cations. Calculations were carried out using the topallhdg.pro topology ®le and the parallhdg.pro parameter ®le modi®ed to correct the planarity of the Arg guanidino group, to free the proline w 1 angle, and to bring the backbone bond lengths and angles in line with the measurements made by Engh & Huber (1991) . The structure calculations were carried out in two stages. In the ®rst stage, a set of 20 structures was generated using simulated annealing starting from an extended chain structure, using a set of constraints derived from NOE and 3 J coupling data and in the absence of disulphide bonds. The protocol of the calculation included a hightemperature stage (40 ps at 1000 K), a linear cooling stage (over 20 ps from 1000 K to 100 K), and 250 steps of Powell minimisation. The time-step used was 4 fs and the bond lengths were kept ®xed by the SHAKE algorithm (Ryckaert et al., 1977) during the dynamics. This stage was repeated several times and the structures generated were used to assign further NOEs and ®nally used to determine the disulphide bonding pattern.
In the second stage of calculation these 20 structures were submitted to further re®nement, in which the disulphide bonds and hydrogen bonds were explicitly included. This re®nement stage involved a hightemperature molecular dynamics simulation with linear cooling from 1000 K to 100 K in 20 ps with a 4 fs timestep, followed by 500 steps of Powell minimisation. This second stage was repeated several times and the structures generated each time allowed improvements to be made to the NOE derived constraints and hydrogen bond list. From the ®nal set of 20 structures, 19 that had cumulative NOE constraint violations of less than 1 A Ê were selected for further analysis. The structures (1ps2) and NMR derived constraints (r1ps2mr) have been deposited with the Brookhaven Protein Data Bank.
Structure analysis
The analysis of the ®nal structures in terms of their Ramachandran plots, deviations from ideal structural parameters and satisfaction of the NMR constraints, was performed with the programs PROCHECK (Laskowski et al., 1993) and AQUA/PROCHECK-NMR (Laskowski et al., 1997) . Hydrogen bonding was analysed using HBPLUS (McDonald & Thornton, 1994) and structural features characterised with PROMOTIF (Hutchinson & Thornton, 1996) using the IUPAC-IUB (1970) convention 6.3 to de®ne elements of secondary structure. Visual inspections and superposition of structures were performed with theprograms InsightII (Molecular Simulations) and MOLMOL (Koradi et al., 1996) , and illustrations created with GRASP (Nicholls et al., 1991) and MOLSCRIPT (Kraulis, 1991) . The solvent accessibilities were calculated using the program NACCESS (S. Hubbard, University College, London, UK).
